Introduction
The endocannabinoid system comprises two known cannabinoid receptor subtypes, CB 1 and CB 2 , 1,2 a number of endogenous ligands (endocannabinoids) including the compounds anandamide and 2-arachidonoyl glycerol (2-AG), 3 a high affinity reuptake transport system 4, 5 and endocannabinoid synthesizing and metabolizing enzymes. 6, 7 Endocannabinoid actions are terminated by removal from the extracellular space, for anandamide by the anandamide membrane transporter, and subsequent enzymatic degradation. The enzyme fatty acid amide Michelle Roche, John P. Kelly, Maeve O'Driscoll and David P. Finn
Summary
The endogenous cannabinoid system plays an important role in regulating the immune system. Modulation of endogenous cannabinoids represents an attractive alternative for the treatment of inflammatory disorders. This study investigated the effects of URB597, a selective inhibitor of fatty acid amide hydrolase (FAAH), the enzyme catalysing degradation of the endogenous cannabinoid anandamide, and AM404, an inhibitor of anandamide transport, on lipopolysaccharide (LPS)-induced increases in plasma cytokine levels in rats. Both URB597 and AM404 potentiated the LPS-induced increase in plasma tumour necrosis factor-a (TNF-a) levels. The peroxisome proliferator-activated receptor c (PPARc) antagonist, GW9662, attenuated the AM404-induced augmentation of TNF-a levels. Furthermore, the selective cannabinoid CB 1 and CB 2 receptor antagonists, AM251 and AM630 respectively, and the transient receptor potential vanilloid receptor-1 (TRPV1) antagonist, SB366791, reduced LPS-induced TNF-a plasma levels both alone and in combination with AM404. In contrast, AM404 inhibited LPS-induced increases in circulating interleukin-1b (IL-1b) and IL-6. AM251 attenuated the immunosuppressive effect of AM404 on IL-1b. None of the antagonists altered the effect of AM404 on LPS-induced IL-6. Moreover, AM251, AM630 and SB366791, administered alone, inhibited LPS-induced increases in plasma IL-1b and IL-6 levels. In conclusion, inhibition of endocannabinoid degradation or transport in vivo potentiates LPS-induced increases in circulating TNF-a levels, an effect which may be mediated by PPARc and is also reduced by pharmacological blockade of CB 1 , CB 2 and TRPV1. The immunosuppressive effect of AM404 on IL-1b levels is mediated by the cannabinoid CB 1 receptor. Improved understanding of endocannabinoid-mediated regulation of immune function has fundamental physiological and potential therapeutic significance.
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hydrolase (FAAH) preferentially metabolizes anandamide 6 and although 2-AG also acts as a substrate for FAAH, monoglyceride lipase is considered the primary enzyme involved in 2-AG inactivation. 7 In addition to CB 1 and CB 2 receptors, endocannabinoids also have affinity for transient receptor potential vanilloid 1 (TRPV1), peroxisome proliferator-activated receptors (PPARs) and the orphan receptor GPR55. [8] [9] [10] There is increasing evidence to suggest that cannabinoids modulate the immune system and represent an important target for the treatment of inflammatory disorders. Studies in vitro have demonstrated that anandamide attenuates lipopolysaccharide (LPS) -induced increases in both protein and messenger RNA levels of proinflammatory cytokines [tumour necrosis factor-a (TNF-a), interleukin-1b (IL-1b) and IL-6] from macrophages and microglial cells [11] [12] [13] and inhibits lymphocyte proliferation. 14 In addition, anandamide has also been reported to increase proinflammatory cytokines under certain conditions. 15 However, there is a paucity of data regarding the immunological effects of enhancing endocannabinoid tone in vivo. The present study tested the hypothesis that inhibition of FAAH or blockade of anandamide transport modulates LPS-induced increases in circulating levels of the proinflammatory cytokines TNF-a, IL-1b and IL-6. URB597 is a selective inhibitor of FAAH that does not interact with other cannabinoid-related targets including receptors, transport systems or enzymes. [16] [17] [18] Anti-inflammatory effects of URB597 have been demonstrated both in animal models 19, 20 and in microglial cell cultures. 21 AM404 is an inhibitor of endocannabinoid transport, known to enhance extracellular anandamide levels. 4, 22 In vitro studies have shown that inhibition of anandamide transport reduces the production of the proinflammatory cytokines IL-1b and IL-12 from macrophages. 23 Our work and that of others has previously demonstrated that the selective CB 1 and CB 2 receptor antagonists, SR141716A (rimonabant) and SR144528 respectively, attenuate LPS-induced increases in proinflammatory cytokines in a manner similar to that observed for cannabinoid receptor agonists. [24] [25] [26] To explore if immunosuppression results from administration of other cannabinoid receptor antagonists, the effects of the selective CB 1 and CB 2 receptor antagonists, AM251 and AM630 respectively, were investigated in the present study. Their inclusion also allowed the investigation of the receptor subtype through which anandamide may mediate its effects on LPS-induced plasma cytokine levels. As discussed above, increasing evidence suggests that endocannabinoids may mediate their effects via alternative, non-CB 1 /CB 2 receptor targets. In light of this, the effects of the TRPV1 and PPARc receptor antagonists, SB366791 and GW9662 respectively, on LPS-induced cytokine levels, alone and in combination with AM404, were examined.
Materials and methods

Animals
Experiments were carried out on male Sprague Dawley rats (weight 220-260 g; Harlan, Bicester, UK), housed singly in plastic-bottomed cages (45 · 25 · 20 cm) containing wood shavings as bedding. The animals were maintained in a constant temperature (21 ± 2°) under standard lighting conditions (12 : 12 hr light-dark, lights on from 08.00 to 20.00 hr). All experiments were carried out during the light phase, between 08.30 and 15.00 hr. Food and water were available ad libitum. Animals were habituated to handling and received an intraperitoneal (i.p.) injection of sterile saline (0Á89% NaCl) for 3-4 days before the experimentat to minimize the influence of the injection procedure on biological endpoints. The experimental protocol was carried out in accordance with the guidelines of the Animal Welfare Committee, National University of Ireland, Galway under licence from the Irish Department of Health and Children and in compliance with the European Communities Council directive 86/ 609.
Experimental design
Experiment 1: The effect of URB597, AM251 and AM630 alone and in combination on LPS-induced cytokine levels in plasma. Rats were randomly assigned to one of seven groups: Vehicle-Vehicle + Saline (n = 7); Vehicle-Vehicle + LPS (n = 7); AM251-Vehicle + LPS (n = 9); AM630-Vehicle + LPS (n = 9); Vehicle-URB597 + LPS (n = 9); AM251-URB597 + LPS (n = 7); AM630-URB597 + LPS (n = 6).
Rats were injected with the CB 1 and CB 2 receptor antagonists, AM251 (3 mg/kg i.p.) and AM630 (3 mg/kg i.p.), respectively, or vehicle (ethanol : cremophor : saline; 1 : 1 : 18) at an injection volume of 2 ml/kg, followed immediately by an injection of URB597 (0Á6 mg/kg i.p.) or vehicle (ethanol : cremophor : saline; 1 : 1 : 18). The dose of the FAAH inhibitor URB597 was selected based on studies demonstrating anti-inflammatory effects at a 50% effective dose of approximately 0Á3 mg/kg. 19 The time of URB597 administration was determined based on the finding that inhibition of FAAH peaks 1 hr after i.p. injection and decreases thereafter. 16 Antagonist doses were chosen based on previous studies demonstrating their ability to block the effects of cannabinoid agonists in vivo. 27, 28 Rats were injected with the cannabinoids 30 min before an i.p. injection of either LPS (100 lg/kg) or saline vehicle (sterile 0Á89% NaCl) administered at a volume of 1 ml/kg. The dose and time of LPS administration were chosen on the basis of previous work in our laboratory demonstrating increases in peripheral cytokine (TNF-a, IL-1b, IL-6) levels 2 hr after LPS administration. 26, 29 Blood samples were taken 2 hr after administration of LPS or saline, via cardiac puncture into a heparinized syringe under CO 2 anaesthesia. Blood samples were centrifuged at 14 000 g for 15 min at 4°to obtain plasma, which was removed and stored at )80°u ntil cytokine determination. Experiment 2(a): The effect of AM404 on LPS-induced cytokine levels in plasma. Rats were randomly assigned to one of six experimental groups: Vehicle + Saline (n = 9), AM404 (20 mg/kg) + Saline (n = 8), Vehicle + LPS (n = 9), AM404 (5 mg/kg) + LPS (n = 8), AM404 (10 mg/kg) (n = 8) + LPS and AM404 (20 mg/kg) + LPS (n = 7).
Rats received either the anandamide transport inhibitor AM404 (5, 10, 20 mg/kg i.p.) or vehicle (ethanol : cremophor : saline; 1 : 1 : 18) at an injection volume of 2 ml/kg. The time and doses of AM404 administration were based on previous published studies demonstrating increased plasma levels of anandamide following AM404 administration 4, 22 and inhibitory effects on proinflammatory cytokine levels. 30 LPS (100 lg/kg) or saline vehicle (sterile 0Á89% NaCl) was administered 1 hr following AM404 or vehicle injection at a volume of 1 ml/kg. Blood samples were taken 2 hr after administration of LPS or saline; plasma was obtained as previously described and stored at )80°until cytokine determination.
Experiment 2(b): The effect of cannabinoid receptor, vanilloid receptor and PPARc antagonists on AM404-induced changes in plasma cytokine levels following LPS administration. Rats were randomly assigned to one of nine groups: Vehicle-Vehicle + Saline (n = 11); VehicleVehicle + LPS (n = 9); SB366791-Vehicle + LPS (n = 8); GW9662-Vehicle + LPS (n = 7), Vehicle-AM404 + LPS (n = 10); AM251-AM404 + LPS (n = 10); AM630-AM404 + LPS (n = 9); SB366791-AM404 + LPS (n = 8); GW9662-AM404 + LPS (n = 8).
Rats were injected with the CB 1 receptor antagonist AM251 (3 mg/kg i.p.), the CB 2 receptor antagonist AM630 (3 mg/kg i.p.), the TRPV1 antagonist SB366791 (2 mg/kg), the PPARc antagonist GW9662 (2 mg/kg) or vehicle (ethanol : cremophor : saline; 1 : 1 : 18) at an injection volume of 2 ml/kg, followed immediately by an i.p. injection of AM404 (20 mg/kg) or vehicle (ethanol : cremophor : saline; 1 : 1 : 18). The dose of SB366791 was based on evidence demonstrating its ability to antagonize the hypothermic effects of AM404, in a manner similar to the TRPV1 antagonist, capsazepine. 31 Recent studies have demonstrated that PPARs represent a novel target for cannabinoids [for reviews see refs 32,33] . The dose and route of administration of GW9662 were based on studies demonstrating its PPARc antagonistic activity in vivo. [34] [35] [36] Rats received the above agents 1 hr before an i.p. injection of either LPS (100 lg/kg) or saline vehicle (sterile 0Á89% NaCl) administered at a volume of 1 ml/kg. Blood samples were taken 2 hr after administration of LPS or saline; plasma was obtained as previously described and stored at )80°until cytokine determination.
Cytokine determinations
Plasma TNF-a, IL-1b and IL-6 concentrations were determined using specific rat enzyme-linked immunosorbent assays performed using antibodies and standards obtained from R & D Systems, Abington, UK as previously described. 26 Briefly, flat-bottomed 96-well Maxisorp microtitre plates (Nunc, Weisbaden, Germany) were coated with goat or mouse anti-rat cytokine antibodies [0Á8-4 lg/ml in phosphate-buffered saline (PBS): NaCl 137 mM, KCl 2Á7 mM, Na 2 HPO 4 8Á1 mM, KH 2 PO 4 1Á5 mM; pH 7Á4] for 20 hr at 22°. Plates were then washed three times with wash/dilution buffer (0Á05% Tween-20 in PBS, pH 7Á4) and blocked at room temperature for 1 hr using reagent diluent (1% bovine serum albumin in PBS, pH 7Á4). Following three washes, 100-ll aliquots of samples or standards (0-5000 pg/ml) were added and plates were incubated at 22°for 2 hr. After three washes, 100 ll of specific biotinylated anti-goat or anti-mouse antibody (1 : 1000 or 1 : 2000 dilution in wash buffer containing 1% goat serum, Sigma, Dublin, Ireland) was added to each well. A further incubation was carried out for 1 hr at 22°. After three washes, 100 ll horseradish peroxidase conjugated to streptavidin (1 : 200 dilution in reagent diluent) was added to each well and plates were incubated at 22°for 20 min. Following three washes, 100 ll tetramethylbenzidine substrate solution was added per well and the plates were incubated for 20 min at 22°. At the end of the incubation period, 50 ll of 1 M H 2 SO 4 was added per well to stop the reaction and to facilitate colour development. Absorbance was read immediately at 450 nm on a microtitre plate reader (ELx 800, Bio-Tek Instruments, Leicestershire, UK). Cytokine levels in plasma are expressed as pg/ml.
Drug preparation
0 -chloro-3-methoxycinnamanilide) and GW9662 (2-chloro-5-nitro-Nphenylbenzamide) (Tocris, Bristol, UK) were dissolved in 100% ethanol. Surfactant (Cremophor, Sigma) and sterile saline (0Á89% NaCl) were then added to produce a final concentration of either 0Á3 mg/ml of URB597, 1Á5 mg/ml of AM251 and AM630, 2Á5, 5 and 10 mg/ml of AM404 or 1 mg/ml of SB366791 and GW9662 in vehicle (ethanol : cremophor : saline at 1 : 1 : 18). Lipopolysaccharide (Escherichia coli serotype 0111:B4, Sigma) was dissolved in sterile saline to produce a final volume of 100 lg/ml. Drugs or corresponding vehicle were administered i.p. in a volume of 1 or 2 ml/kg.
Data analysis
All data are presented as means ± SEM. Cytokine concentrations were analysed by one-way analysis of variance using SPSS (version 12.0.1), followed by Student-Newman-Keuls (SNK) or Fisher's least significant difference (FLSD) post hoc test where appropriate. The level of significance was set at P < 0Á05.
Results
URB597 potentiates the LPS-induced increase in TNF-a, attenuation by AM251 and AM630
The effects of URB597, AM251 and AM630, alone and in combination, on plasma levels of TNF-a, IL-1b and IL-6 following LPS administration are shown in Fig. 1 together with the results of statistical analysis. Administration of LPS induced a significant increase in plasma TNF-a, IL-1b and IL-6 when compared with saline-treated controls. The FAAH inhibitor, URB597, significantly augmented the LPS-induced increase in plasma TNF-a levels, an effect attenuated by both the CB 1 and CB 2 receptor antagonists AM251 and AM630, respectively (Fig. 1a) . URB597 did not alter LPS-induced increases in plasma IL-1b (Fig. 1b) or IL-6 (Fig. 1c) . The CB 1 receptor antagonist, AM251, alone significantly attenuated the LPS-induced increase in plasma TNF-a, IL-1b and IL-6. Coadministration of URB597 and AM251 prevented the AM251-induced decrease in IL-6 following LPS administration. In addition, LPS-induced production of plasma TNF-a and IL-1b was reduced by the CB 2 receptor antagonist, AM630.
AM404 potentiates the LPS-induced increase in TNF-a while concurrently reducing IL-1b and IL-6 plasma levels.
LPS administration significantly increased plasma TNF-a, IL-1b and IL-6 when compared with saline-treated controls (Fig. 2) . The anandamide transport inhibitor, AM404, administered alone, did not alter plasma cytokine levels when compared with vehicle-treated controls. However, 20 mg/kg AM404 augmented the LPS-induced increase in plasma TNF-a (Fig. 2a) , while concurrently reducing IL-1b (Fig. 2b ) and IL-6 (Fig. 2c) . Neither 5 nor 10 mg/kg of AM404 significantly affected LPS-induced increases in plasma TNF-a, IL-1b and IL-6. Vehicle URB597 Figure 1 . The effect of URB597, AM251 and AM630 on lipopolysaccharide (LPS) -induced cytokine levels. URB597 potentiates LPS-induced increase in plasma tumour necrosis factor-a (TNF-a) levels, an effect attenuated by AM251 and AM630: (a) TNF-a: F 6,51 = 15Á98 P < 0Á001 (SNK). AM251 and AM630 attenuate LPS-induced increase in interleukin-1b (IL-1b) in the plasma: (b) IL-1b: F 6,52 = 6Á944 P < 0Á001 (FLSD). AM251 reduced LPS-induced IL-6 levels in plasma, URB597 attenuated this effect: (c) IL-6: F 6,52 = 13Á730 P < 0Á001 (SNK). Data expressed as means + SEM (n = 7 to n = 9 per group). **P < 0Á01 for Vehicle-Vehicle + LPS versus Vehicle-Vehicle + Saline (dashed line). 
AM404 potentiates the LPS-induced increase in TNF-a, attenuation by AM251, AM630, SB366791 and GW9662
The effects of AM404 alone and in combination with the CB 1 and CB 2 receptor antagonists, AM251 and AM630 respectively, the TRPV1 antagonist, SB366791, and the PPARc antagonist, GW9662, on plasma TNF-a, IL-1b and IL-6 levels following LPS administration are shown in Fig. 3 together with the results of statistical analyses. The finding that AM404 enhances the LPS-induced increase in TNF-a was replicated, and this effect was blocked by all of the antagonists examined in this study (AM251, AM630, SB366791 and GW9662; Fig. 3a) . The findings that AM404 reduces LPS-induced levels of IL-1b and IL-6 were also replicated. The decrease in LPSinduced IL-1b levels following AM404 administration was attenuated by coadministration of AM251 (Fig. 3b) . The AM404-induced decrease in plasma IL-6 levels was not altered by coadministration with any of the antagonists (Fig. 3c) . LPS-induced increases in plasma TNF-a and IL-6 were attenuated by the TRPV1 receptor antagonist, SB366791 ( Fig. 3a and 3c) . Administration of the PPARc receptor antagonist, GW9662, did not alter LPS-induced cytokine levels.
Discussion
Modulation of the endocannabinoid system through inhibition of re-uptake or metabolism represents an alternative strategy for the treatment of inflammatory disorders (for reviews see refs 37, 38) . The present study demonstrated that enhancing endocannabinoid signalling in vivo, by inhibiting FAAH or anandamide transport, potentiates LPS-induced increases in circulating TNF-a levels. Blockade of cannabinoid receptors (CB 1 and CB 2 ), the vanilloid receptor (TRPV1) and PPARc using selective antagonists attenuated the endocannabinoid-induced augmentation of TNF-a levels following LPS administration. In addition, the anandamide transporter inhibitor, AM404, inhibited LPS-induced increases in plasma IL-1b and IL-6 levels. The immunosuppressive effect of AM404 on IL-1b levels was attenuated by the CB 1 receptor antagonist AM251. However, antagonism of CB 1 , CB 2 or TRPV1 receptors per se also blocked LPS-induced increases in cytokine levels. These results corroborate our previous findings demonstrating that selective antagonists for CB 1 and CB 2 receptors can exert immunosuppressive effects in vivo, 26 and extend these to include antagonism of the TRPV1 receptor.
The anti-inflammatory effects of cannabinoid receptor agonists have been demonstrated in several in vitro [11] [12] [13] 39 and in vivo 24, 26, 40, 41 studies. However, it is possible that whereas potent synthetic agonists exert an immunosuppressive effect, endocannabinoids such as anandamide may signal through cannabinoid receptors, vanilloid receptors and/or PPARc to facilitate LPS-induced cytokine release in vivo. Such a mechanism of action would explain the potentiation of LPS-induced TNF-a levels observed in the present study following augmentation of anandamide levels. This theory is supported by the finding that anandamide stimulates IL-6 release from astrocytes infected with Theiler's murine encephalomyelitis virus. 15 However, other lines of evidence argue against this hypothesis. Endocannabinoids and inhibition of endocannabinoid degradation or re-uptake have been shown to reduce production of cytokines, including TNF-a, in a manner similar to that which occurs following direct activation of cannabinoid receptors with synthetic agonists. 13, 23, 42 It has been proposed that the stimulatory versus inhibitory effects of cannabinoids on the immune system may be concentration dependent. 43 This may account for the immunosuppressant effects observed with large concentrations of anandamide (in the lM range) in in vitro preparations 12, 13, 44 when compared to the stimulatory effect of anandamide on TNF-a in vivo where levels may only reach picomolar concentrations following inhibition of FAAH 16 or anandamide transport. 22 Antagonism of CB 1 , CB 2 , TRPV1 or PPARc inhibited the potentiation of LPS-induced increases in TNF-a following FAAH inhibition or anandamide transporter blockade. These results may suggest that anandamide signalling through any one of these receptor types is sufficient for LPS-induced increases in peripheral TNF-a levels. However, it should be noted that AM251, AM630 and SB366791 alone exhibited immunosuppressive properties and therefore it is possible that their attenuation of the effects of URB597 and AM404 may occur as a result of indirect physiological antagonism rather than direct competitive pharmacological blockade of the actions of endocannabinoids at these receptor targets. The immunosuppressive effect of these antagonists may supersede any facilitatory effect of URB597 or AM404 on LPS-induced increase in plasma cytokines and one cannot assume that the observed effects of these indirect cannabinoid agonists are mediated by CB 1 , CB 2 or TRPV1. In contrast, the PPARc antagonist, GW9662, did not affect LPS-induced TNF-a levels in the absence of AM404 but did attenuate the AM404-induced augmentation of TNF-a levels post-LPS. Many cannabinoids, including anandamide, bind directly to PPARc, inducing transcriptional activation. 9 Moreover, anandamide-induced suppression of IL-2 has been proposed to occur via activation of PPARc. 44 However, it is not known what effect anandamide-induced activation of PPARc has on other cytokines. Although several studies indicate that activation of PPARc with the synthetic high-affinity ligand, 15d-PGJ 2 , inhibits LPSinduced increases in TNF-a release from microglial cells, 45, 46 it has been suggested that these immunosuppressant actions may be mediated via PPARc-independent mechanisms. 47 Furthermore, administration of PPARc ligands in vivo potentiates LPS-induced increases in plasma and brain TNF-a and IL-6 levels. 47, 48 PPARc expression in cultured microglial cells is down-regulated by LPS 45 an effect which may also occur in the peripheral immune system. We propose a possible mechanism of action; LPS induces an increase in endocannabinoids [49] [50] [51] which, because of the downregulation of PPARc by LPS, 45 may not affect signalling through this receptor. However, pharmacological enhancement of endogenous anandamide tone following URB597 or AM404 administration may result in activation of PPARc and potentiate the LPS-induced increase in TNF-a levels. Such a mechanism would explain why, in the present study, the PPARc antagonist GW9662 blocked the AM404-induced potentiation of TNF-a. In addition, blockade of the CB 1 receptor with the selective antagonist AM251, in the presence of enhanced endocannabinoid tone, may unmask the immunostimulatory effects of anandamide at PPARc, resulting in the increased IL-6 levels observed in this study.
Although several theories have been proposed, the precise mechanism underlying the immunosuppressive actions of cannabinoid and vanilloid receptor antagonists remains to be elucidated. As discussed above, arguments exist for and against the theory that endocannabinoids released in response to LPS [49] [50] [51] may act through the cannabinoid and vanilloid receptors to facilitate LPS-induced increases in cytokine levels. If this were the case, then blockade of CB 1 , CB 2 and/or TRPV1 receptors should prevent the increase in circulating levels of TNF-a, IL-1b and IL-6 following LPS administration, as observed in this study. Alternatively, the immunosuppressive effects of cannabinoid and vanilloid antagonists may be the result of the unmasking of endocannabinoid actions at other receptors such as PPARs or GPR55. 9, 10, 44 It has also been suggested that the cannabinoid receptor antagonists, SR141716A (rimonabant) and SR144528, may act as partial agonists at CB 1 and CB 2 receptors respectively, when administered alone. [24] [25] [26] 52, 53 In addition, recent evidence suggests that AM251 acts as an agonist at the newly classified cannabinoid receptor GPR55. 10 However, pharmacological agents acting selectively at GPR55 are not yet commercially available. Further studies are required to determine if the immunosuppressive activity observed by cannabinoid and vanilloid receptor antagonists are the result of partial agonist-like effects at their respective or alternative receptors.
Whereas both URB597 and AM404 potentiated LPSinduced increases in circulating TNF-a, only AM404 attenuated LPS-induced increases in IL-1b and IL-6. The immunosuppressive effects of AM404 reported here support other studies demonstrating that different anandamide transport inhibitors also reduce IL-1b levels ex vivo 23 and in vitro. 42 The differential effects of URB597 and AM404 on these cytokines may be the result of differential modulation of endocannabinoid levels or direct or indirect action of these compounds at alternative targets. For example, AM404 does not affect levels of the endogenous cannabinoids N-oleoyl ethanolamide 10 (OEA) and N-palmitoyl ethanolamide (PEA), which are enhanced following FAAH inhibition with URB597. 16, 17 In addition to inhibiting anandamide transport, AM404 also acts as a full agonist at TRPV1. 54 However, the failure of the TRPV1 antagonist, SB366791, to block the immunosuppressive effects of AM404 on IL-1b and IL-6 suggests that the effects observed were not TRPV1-mediated. The immunosuppressive effects of AM404 on IL-1b were, however, blocked by AM251, reaffirming the role of the CB 1 receptor in modulating peripheral cytokine levels. [24] [25] [26] None of the antagonists used in the present study attenuated the AM404-induced decrease in IL-6 and further work is needed to determine the receptor mechanisms underlying this effect.
In summary, the present study demonstrated that inhibition of anandamide degradation or uptake potentiates LPS-induced increases in circulating TNF-a levels, an effect which may be mediated by PPARc. In comparison, the immunosuppressive effects of the anandamide transport inhibitor AM404 on LPS-induced IL-1b appear to be CB 1 receptor dependent. The receptor mechanisms mediating the immunosuppressive effect of AM404 on LPSinduced IL-6 remain to be determined. In addition, CB 1 , CB 2 and TRPV1 receptor antagonists alone inhibited LPS-induced increases in plasma cytokine levels, results which corroborate previous studies in our laboratory 26 and highlight the complexity of cannabinoid-immune interactions. Several diseases have been associated with increased proinflammatory cytokine levels including rheumatoid arthritis, diabetes, human immunodeficiency virus infection, chronic pain and a number of neurological diseases. Uncovering the mechanisms underpinning cannabinoid-mediated modulation of immune system physiology may provide alternative treatment strategies for many of these diseases.
